A mutant strain AA-522, temperature-sensitive for protein synthesis, was isolated from a stringent strain of Escherichia coli K-12. The mutant strain has a relaxed phenotype at the nonpermissive growth temperature. Protein synthesis stops completely at 42 C, whereas the rate of ribonucleic acid (RNA) synthesis is maintained at 20% of the 30 C rate. Sucrose-gradient centrifugation analysis of RNA-containing particles formed at 42 C indicated the presence of "relaxed particles." These particles possess 16S and 235 RNA and are precursors to normal 50S and 30S ribosomal subunits. A search for the temperature-sensitive protein responsible for the halt in protein synthesis implicated phenylalanyl transfer RNA (tRNA) synthetase. Essentially no enzyme activity is detected in vitro at 30 or 40 C. Analysis of phenylalanyl tRNA synthetase activity in revertants of strain AA-522 indicated the presence of intragenic suppressor mutations. Revertants of strain AA-522 analyzed for the relaxed response at 42 C were all stringent; strain AA-522 was stringent at 30 C. These data indicate that a single mutation in phenylalanyl tRNA synthetase is responsible for both a block in protein synthesis and the relaxed phenotype at 42 C.
Regulation of the synthesis of ribosomal ribonucleic acid (rRNA) and transfer ribonucleic acid (tRNA) is poorly understood. It appears, however, that in Escherichia coli control of synthesis of RNA is dependent upon the presence or absence of amino acids (7, 13, 18) . When an auxotroph is deprived of an essential amino acid, RNA synthesis is greatly reduced but does not halt completely; a residual amount of RNA synthesis continues for an extended period. An exception to this observation is a mutant discovered by Borek et al. (2) that has "relaxed control" (rel-) of synthesis conferred by the rel allele (23) . The normal allele (rel+) renders the cell "stringent." In the relaxed strain, all major classes of RNA appear to be synthesized during amino acid deprivation (6) .
Much of the information gained about the regulation of RNA synthesis in E. coli has been I Journal paper no. J-6849 of the Iowa Agriculture and Home Economics Experiment Station, Ames, Iowa, project no.
1747.
through the use of rel-mutants. The use of mutants in the rel allele has provided an excellent approach to the problem. It seems likely, however, that RNA is regulated by a series of reactions rather than by one individual reaction; hence, other mutations involving RNA regulation should be obtainable. Temperature-sensitive (ts) mutants seem a logical source for study of RNA regulation. Procedures for the isolation of RNA-regulatory mutants have been devised (15) but have not been used to isolate ts mutants. The use of a slight modification of this procedure resulted in the isolation of a ts mutant that seems to have deranged RNA regulation, but only under nonpermissive growth conditions. Partial characterization of this ts mutant has shown that it does not resemble the classical relt mutant but is a previously undescribed type of mutant defective in RNA regulation. The molec-628 ATHERLY ANs erly, Bacteriol. Proc., p. 132, 1970).
MATERIALS AND METHODS
Organisms. Strains of E. coli used in this study were: CP-78, a strain of W6 auxotrophic for arginine, leucine, threonine, histidine, and thiamine that exhibits stringent control of RNA synthesis by amino acids (rel+); CP-79, a strain derived from CP-78 (15) that has relaxed control (rel-) of RNA synthesis by amino acids; AA-522, a ts mutant derived from CP-78; and strain X57 (obtained from R. Curtiss III), an Hfr that requires thiamine and is streptomycin-sensitive (ste) and in which chromosome transfer begins near threonine on the E. coli linkage map.
Growth of cultures. The following three media were used: (i) a minimal medium consisting of (grams per liter): Na2HPO4, 5.8; KH2PO4, 3.0; NaCl, 0.5; NH4CI, 1.0; and MgSO4, 0.12; supplemented with Larginine, L-leucine, L-threonine, L-histidine, L-isoleucine, L-valine (40 ug/ml), thiamine (5 Ag/ml), and glucose, 0.4%; (ii) an enriched medium prepared by supplementing the minimal medium with the remaining 14 L-amino acids (40 Mg/ml) and adenosine, thymidine, uridine, guanosine, and cytidine, (20 ug/ml); (iii) broth medium containing 1% tryptone, 0.5% yeast extract, 0.5% NaCl, and 0.1% glucose.
Liquid cultures were grown aerobically on a rotaryaction shaker at 30 or 42 C. Growth was measured turbidimetrically in a Beckman DU-2 spectrophotometer at 350 nm.
Measurement of protein and RNA. Synthesis of these macromolecules was measured by either colorimetric or isotopic methods. Samples (5 ml) to be assayed colorimetrically were treated with 3 ml of 15% trichloroacetic acid, centrifuged at 0 C (5,000 x g), washed in 10 ml of cold 5% trichloroacetic acid, and recentrifuged; the pellet was suspended in 2.50 ml of water (dispersed with the aid of sonic oscillation). Portions (I ml) of the suspension were assayed for protein by the method of Lowry et al. (20) and for RNA by the orcinol method of Dische (5) .
To estimate protein and RNA synthesis by isotope incorporation, cultures were grown in enriched media containing 3H-uridine, 14C-uracil, or "4C-phenylalanine of defined specific activity. The cells from culture samples were combined with an equal volume of 10% trichloroacetic acid (0 C), collected on membrane filters, and washed with 20 ml of ice-cold 5% trichloroacetic acid. Radioactivity was then measured in a scintillation spectrometer (Packard, model 3320). All The mutant strain (AA-522) was grown at 30 C in various media (300 ml), with vigorous shaking, to 5 x 10' cells/ml. When desired, the culture was transferred to a 43 C water bath for various intervals before harvesting. The cells were harvested after addition of 15 ml of 100% trichloroacetic acid, which was added rapidly with vigorous shaking, at the temperature of the cells, and allowed to shake 10 min to ensure complete precipitation. The cells were then centrifuged for 10 min at 12,000 x g and washed once in 25 ml of 5% trichloroacetic acid (0 C). The pellet was then suspended in 2 ml of 0.25 M sodium acetate (pH 6.5), 0.001 M ethylenediaminetetraacetic acid, and 0.05% sodium lauryl sulfate. To this mixture was added 2 ml of 0.25 M sodium acetate-saturated phenol (pH 6.5). This mixture was then sonically treated (Biosonic II, microprobe at reostat setting of 50) for 30 sec at 20 C. The mixture was allowed to stand at room temperature for 15 min and was centrifuged for 5 min at 5,000 x g; the water layer was then removed. A 2-ml amount of 0.25 M sodium acetate (pH 5.2) was added to the phenol layer, and the mixture was sonically treated a second time. It was then centrifuged again, and the two water layers were combined. The water extract was divided into two equal parts, and one half was made 0.05 M with KIO4. After incubation in the dark at room temperature for 30 min, 0.10 ml of ethylene glycol was added to stop the reaction. It was then allowed to continue incubation for 10 min in the dark. This mixture was left standing at -20 C for 30 min, and 2 volumes of 95% ethanol were added. The mixture was centrifuged for 10 min at 12,000 x g. The pellet was suspended in 2 ml of 0.10 M tris(hydroxymethyl)aminomethane (pH 8.8) and incubated for 2 hr at 37 C. Onetenth volume of sodium acetate (pH 4.6) and 2 volumes of 95% ethanol were added, and the mixture was placed at -20 C for more than I hr. A pellet of RNA was obtained by centrifugation (twice) at 20,000 x g and suspended in a small volume (about 0.10 ml) for an assay of its ability to accept '4C-phenylalanine.
Phenylalanyl tRNA synthetase was partly purified by the method of Fangman and Neidhardt (13) , which resulted in approximately 10-fold purification.
Genetic cross. The wild strain, which grows at 42 C, is symbolized as ts+; the mutant strain, unable to grow at 42 C, is ts-. Sensitivity to streptomycin is symbolized at stre; resistance to streptomycin is strr. A cross was performed between strain xS7 (Hfr str' ts+ his+) and strain AA-522 (F-, str ts-his-), a streptomycinresistant derivation of strain AA-522. A culture of x57 in enriched medium was grown to 6 x 10' cells/ml, at 37 C without shaking. A separate culture of AA-522 strr was grown to 4 x 10' cells/ml with shaking at 30 C. A l-ml sample of X57 was mixed with 9 ml of AA-522 at 35 C; portions were removed periodically, diluted 20-fold in buffer, and shaken vigorously for 60 sec on a Vortex shaker. To detect recombinants (sirt ts+), samples of the mating mixture were plated on broth agar containing 200 Mg of streptomycin per ml and were incubated at 42 C overnight. To detect recombinants of his+ stir, samples were plated on enriched medium-agar lacking histidine and containing 200 ,tg of streptomycin per ml. These plates were incubated at 30 C for 24 hr, and recombinants were counted.
RESULTS
The doubling times, in selected media, of the temperature-sensitive mutant strain, AA-522, and its parent, CP-78, are presented in Table 1 . The growth rate of the mutant in broth is 82% that of the parent; however, as the growth medium becomes less enriched, the growth rate decreases to 42% that of the parent.
RNA and protein synthesis. To help characterize the reaction that has become temperaturesensitive in strain AA-522, RNA and protein synthesis was examined at 42 C and compared to that of the parent strain under identical conditions. Enriched media cultures of the mutant and parent cells in balanced growth were shifted to 42 C, and the synthesis of RNA and protein was examined by incorporation of radioactive precursors ( Fig. I and 2 ) and by colorimetric techniques (Table 2 ). In Fig. 1 is presented the amount of '4C-phanylalanine incorporated at 42 C in strain AA-522 and the parent strain CP-78. At 45 min (approximately one generation), the mutant strain had incorporated less than 1% of the 14C-phenylalanine observed for the parent strain. Consequently, it appears that little or no protein synthesis occurs in strain AA-522 at 42 C.
In Fig. 2 is presented the amount of incorporation of 3H-uridine into cold trichloroacetic acidprecipitable material at 42 C for AA-522 and its parent strain CP-78. For comparative purposes, Fig. 2 also shows the amount of trichloroacetic acid-precipitable radioactivity synthesized in CP-78 and its rel-isogenic counterpart, CP-79, at 42 C and in the absence of the required amino acid arginine. After 45 min at 42 C, the parent strain (CP-78, stringent) had synthesized approximately 5% as much RNA in the absence of arginine as in its presence. The isogenic relaxed strain CP-79, however, had accumulated about 75% as much RNA in the absence of arginine as in the presence of arginine. At Sucrose-gradient analysis of RNA made at 42 C. To determine whether rRNA and tRNA are synthesized at 42 C in AA-522, a characterization was made of 42 C labeled RNA-containing particles on a sucrose gradient. Mutant cells in steady-state growth at 30 C were labeled with 3H-uridine for several generations. A separate culture growing at 30 C in nonradioactive medium was shifted to 42 C, and after 5 min "4C-uracil was added. After incubation for 30 min at 42 C, the culture was cooled in ice, centrifuged, and washed. It was then combined with the similarly treated 30 C labeled culture, and a cell-free extract was prepared by breakage in a French pressure cell. A sucrose gradient of the extract is shown in Fig. 4 . The culture labeled with 3H-uridine at 30 C for several generations exhibits a normal distribution of 70S, 50S, 30S, and 4S particles. However, the culture of AA-522 labeled with "4C-uracil at 42 C exhibits three major peaks at approximately 30S, 205, and 45 and a small peak at 70S.
The sedimentation values obtained for 42 C labeled RNA-containing particles in AA-522 correspond approximately to values obtained for 631 "relaxed particles" or "chloramphenicol particles" (18) . These particles are believed to be rRNA associated with positively charged proteins (27) . Furthermore, incubation of the prelabeled culture for 20 min at 30 C (the permissive growth temperature) in the presence of rifamycin (Fig. 5) demonstrated the 205 and 30S peaks shown in Fig. 4 to be precursors of ribosomal particles. The presence of rifamycin (50 ,g/ml) inhibits RNA synthesis; thus, resynthesis of degraded RNA can not occur. The sedimentation pattern shown in Fig. 5 clearly demonstrates that the radioactive label acquired at 42 C quickly becomes transferred to normally sedimenting ribosomal particles.
Finally, phenol extraction of the labeled RNA synthesized at 42 C in AA-522 resulted in RNA sedimenting at 23S, 16S, and 45 (Fig. 6) . A similar curve for CP-78 is presented for comparison. Also, a large percentage of the RNA synthesized in AA-522 at 42 C (Fig. 6) is of low molecular weight (65% of total). This is characteristic of RNA synthesis in rel-cells during the absence of protein synthesis (10) . From the data presented in Fig. 4 , 5, and 6, it can be concluded that the temperature-sensitive reaction in the mutant strain allows the synthesis of rRNA and tRNA. The presence of large quantities of low-molecular-weight RNA (4S) in relation to rRNA is probably due to breakdown of rRNA as well as the presence of large quantities of tRNA.
In Fig. 7 is presented a sucrose-gradient sedimentation pattern of isotopically labeled polysomes from the temperature-sensitive mutant AA-522 and the parent strain CP-78 which were incubated at 42 C for 20 (7, 8, 17) . The lack of RNA synthesis in these mutants in the presence of chloramphicol is probably due to the lack of charged tRNA (17) . When chloramphenicol (200 ug/ml) was added to strain AA-522 at 42 C, a stimulation of RNA synthesis was observed similar to that in the parent strain (Fig.  8) . The same degree of stimulation was seen even after AA-522 had been at 42 C for 120 min (data not shown). Consequently, these data would suggest that the presence of chloramphenicol with AA-522 allows a significant quantity of charged phenylalanyl tRNA to accumulate at 42 C.
A chemical analysis for the amount of charged phenylalanyl tRNA at 42 C was made on strain AA-522. For comparative purposes, analysis of the percentage of charged tRNA was also made on the parent strain CP-78 (Table 4) . Approximately 40% of the phenylalanyl tRNA is charged at 30 C in strain AA-522; however, the amount of charged phenylalanyl tRNA found after incubation at 43 C for 15 min decreased to 0, 6, and 15% in minimal, enriched, and broth media, respectively. The presence of 200 ,ug/ml of chloramphenicol at 43 C resulted in a 50% level of phenylalanyl tRNA, a value very similar to that found in the parent strain (at 30 and 42 C and essentially independent of growth medium). Consequently, it appears that chloramphenicol, by blocking protein synthesis at a step after the formation of charged tRNA, allows the rapid accumulation of charged phenylalanyl tRNA, which in turn permits continued RNA synthesis.
Enzyme-tRNA complex. The question can now be asked whether the residual level of charged phenylalanyl tRNA present in AA-522 is responsible for the continued RNA synthesis at 42 C. A reevaluation of the amount of RNA synthesized at 42 C by AA-522 in minimal, enriched, and broth media yielded amounts identical to those shown in Fig. 2 , except in minimal medium, which showed about 5% of the parent-strain yield. However, the same amount of protein synthesis (1 to 2%) was observed in all of the above media at 42 C (Fig. 1) .
How can phenylalanyl tRNA synthetase in mutant AA-522 block protein synthesis and at the same time allow rRNA and tRNA synthesis 7.85 ,XCilmole) was added simultaneously with chloramphenicol (200 ,ug/ml). Samples were removed and treated as described in Fig. 1 . Genetic studies. To establish that the phenotype of strain AA-522 is due to a single mutational event, AA-522 was examined for stringency of RNA regulation at 30 C. The parent strain possesses stringent regulation of RNA synthesis; consequently, AA-522 would be expected to be stringent at the permissive growth temperature (30 C). A culture of AA-522 cells in enriched medium at 30 C was allowed to reach steady-state growth conditions, whereupon the culture was rapidly filtered and resuspended in identical medium lacking arginine, a required amino acid. Figure 9A shows the amount of RNA synthesis in the presence and absence of arginine for strain AA-522 at 30 C. It can be seen that no incorporation of 3H-uridine into trichloroacetic acid-precipitable material occurs at 30 C in the absence of the required amino acid arginine. Thus, these data suggest that strain AA-522 is stringent for RNA regulation by protein synthesis at 30 C.
To further establish that strain AA-522 is due to a single mutation, revertants from temperature sensitivity were picked (reversion frequency iS 10-7) and tested for stringency of RNA regulation at 42 C. Figure 9B shows the extent of RNA synthesis in the absence of arginine for AA-522R1 and its grandparent strain CP-78. No differences in RNA synthesis were detected, suggesting that, upon loss of the temperature-sensitive mutation in AA-522, a stringent phenotype for RNA regulation is regained.
Localization of the temperature-sensitive mutation of the E. coli genetic map was obtained by interrupted mating. The mating was performed 20 2,035 a In the assay it is estimated that the concentration of tRNA is approximately 40 times greater than the enzyme. The concentration of enzyme was calculated from the number of cells used per milliliter of extract, assuming 5,000 phenylalanyl tRNA synthetases per cell. Specific activity of the '4C-phenylalanine was 47.5 juCi/jimole. /ICi/Mmole), rapidly filtered on a membrane filter (Millipore), and washed three times with buffer. The cells were resuspended in identical medium lacking arginine and incubated at 30 C. Samples were taken periodically and treated as described in Fig. 1.  FIG. 9B . RNA synthesis in the absence and presence of a required amino acid. A culture of cells (either AA-522R1 or CP-78) was grown at 30 C in enriched medium. The cells were rapidly filtered, washed, separated into two samples, and resuspended in enriched medium, prewarmed to 42 C, lacking arginine and containing 3IH-uridine (10 4tCi/mole). Arginine was added to one sample, and portions were removed periodically from both samples into cold trichloroacetic acid and treated as described in Fig. 1 
